Many women using progestogen (P)-only contraceptives experience uterine bleeding problems. In clinical trials, a single low dose of mifepristone, given to Implanon users at the beginning of a bleeding episode reduced the number of bleeding days by w50% compared with controls. In this study, a single dose of mifepristone was administered to etonogestrel (ENG)-exposed pseudo-pregnant mice, 5 days after artificial decidualization was induced when the endometrium showed signs of bleeding. Control mice received vehicle alone. Mice were culled 12-, 18-, 24-and 48-h post-treatment. In the continued presence of ENG, a single dose of mifepristone stimulated tissue breakdown followed by very rapid repair: most treated tissues were fully restored to the pre-decidualized state by 48 h post-treatment. During repair, proliferating cells (Ki67 immunostained) were localized to a band of cells around the basal area in breaking down tissues and to the repairing luminal epithelium and glands. Progesterone receptor-positive cells were largely localized to the basal area of the breaking down tissue in treated mice compared with decidual cells in controls. Oestrogen receptor-positive cells were observed in the repairing luminal epithelium and glands compared with the decidua and the basal region in control tissues. It is concluded that mifepristone treatment stimulates rapid restoration of luminal epithelial integrity: such action may be a key event in reducing the number of bleeding days observed in women using Implanon who were treated with a single dose of mifepristone.
Introduction
Progestogen (P)-only contraceptives (which include the subdermally implantable etonogestrel (ENG)-releasing rod known as Implanon, and Norplant that releases levonorgestrel) are safe and effective methods of fertility regulation for women. Common to all P-only contraceptives and the main reason for discontinuation of their use is the unwanted side effect of break-through bleeding (BTB) where the users experience unpredictable, frequent and often prolonged episodes of bleeding (d'Arcangues 2000) . The mechanisms underlying BTB remain largely unknown.
Unlike the bleeding at normal menstruation, which arises predominantly from spiral arterioles in response to falling oestrogen and progesterone levels, the bleeding that occurs in association with the use of P-only contraceptives is largely from small superficial vessels (d'Arcangues 2000) . In Norplant users, these vessels appear dilated and thin walled (Hickey et al. 1996) and are increased in number in women with prolonged bleeding (Hickey & Fraser 2002) . Furthermore, vessel support is decreased as observed by a decrease in perivascular smooth muscle a-actin . Elevated numbers of some leukocyte populations and expression of matrix degrading enzymes, the matrix metalloproteinases, will also contribute to tissue fragility (Vincent et al. 2002) . Although the blood arises from the fragile blood vessels, it is clear that epithelial integrity must also be disturbed for vaginal bleeding to occur (Hickey & Fraser 2002) and indeed, sheets of easily detached surface epithelium are often seen at hysteroscopy (Hickey et al. 1996) in users of P-only contraceptives, suggesting that the epithelium is fragile.
A number of studies in users of depot medroxyprogesterone acetate (DMPA), Norplant and Implanon, have investigated potential treatments for BTB which could provide relief from the bleeding and ultimately lead to an improved continuation rate of P-only contraceptive use. Treatments with anti-inflammatory drugs such as ibuprofen or mefenamic acid (Archer et al. 1996 , Kaewrudee et al. 1999 or ethinyl oestradiol (EE) (Witjaksono et al. 1996) have had only small effects on the duration of a bleeding episode. Importantly, treatment with EE renders the idea of a progestogen only and therefore oestrogen-free contraceptive regime futile. By contrast, short-term administration of the anti-progestogen, mifepristone, has been successful in reducing bleeding days in women using P-only contraception in a number of independent studies (Cheng et al. 2000 , Glasier et al. 2002 , Jain et al. 2003 , Massai et al. 2004 , Weisberg et al. 2006 . A further reduction in the bleeding days was observed upon mifepristone treatment in conjunction with oestrogen (Weisberg et al. 2006) . Examination of endometrium following such short-term treatment in the continued presence of progestogen showed increased endometrial proliferation and decreased stromal apoptosis along with increased steroid hormone receptors oestrogen receptor-a (ERa), progesterone receptor (PR-A, PR-B) and the steroid receptor SRC-1 (Jain et al. 2006 (Jain et al. , 2007 in users of DMPA, while in Norplant users, a single dose of mifepristone up-regulated ER and down-regulated PR subtype B in both glands and stroma (Glasier et al. 2002) , consistent with functional inhibition of progesterone.
We recently described a mouse model in which ENG was administered long term to animals that were induced artificially to undergo decidualization in one uterine horn. Examination of endometrial morphology showed that large blood vessels developed and subsequently tissue integrity was reduced in the decidualized uterine horn: this was followed by tissue breakdown and eventual repair (Morison et al. 2007 ). This model thus provides an opportunity for functional studies to examine the mechanisms of action of treatment modalities for the bleeding.
The aim of the present study was to use this mouse model to elucidate the mechanisms by which mifepristone acts to reduce the number of bleeding days in the continued presence of progestogens such as ENG (Weisberg et al. 2006) in women. We administered a single dose of mifepristone at a time of endometrial instability to the mouse model for long-term ENG exposure (Morison et al. 2007) , and examined the endometrium at a number of time points following treatment to determine morphological changes, including epithelial repair, along with alterations in cellular proliferation markers and steroid receptor expression. The data suggest that mifepristone acts by exacerbating the endometrial fragility sufficiently to stimulate repair mechanisms, particularly restoration of an intact luminal epithelium.
Results

Morphology of the endometrium following injection of mifepristone
Morphology of cross-sections of endometrium was assessed 12, 18, 24 and 48 h after mifepristone treatment and compared with that of untreated (control; no mifepristone) animals at 0 and 48 h. Control animals at 0 h had a highly decidualized endometrium containing many blood vessels and a closure of the lumen as described previously (Morison et al. 2007 ; Fig. 1 ). By contrast, in mifepristone-treated animals, by 12 h the decidualized zone had undergone massive breakdown and in some tissues there was evidence of re-epithelialization (Fig. 2) . Similar morphologies were observed 18 h after mifepristone treatment. Twenty-four hours after treatment the majority of tissues showed substantial re-epithelialization. In some cases, the epithelium had completely repaired, isolating the decidua within the newly formed lumen. Forty-eight hours after mifepristone treatment the endometrium was completely repaired in O90% of tissues, with full restoration of glandular and luminal epithelium and the stromal compartment (Fig. 2) . In some cases, the shed decidua remained surrounded by the newly formed epithelium. The epithelial regeneration always originated from the mesometrial side of the tissue in the basal region between the decidua and newly forming stroma (Fig. 2) . In many cases, at each time point there was a basal ring of tightly packed cells forming an intensely stained band around the decidua. In comparison, endometrium from control (Implanon, no mifepristone) animals at 48 h contained large blood vessels containing red blood cells. There was no evidence of tissue repair ( Fig. 1 ) in control animals.
Morphology of the endometrium following injection of mifepristone plus oestradiol
Mifepristone was also used in conjunction with a single dose of oestradiol (250 ng) administered 6 h later. At both 18 and 24 h post-treatment, the extent of breakdown and repair was similar to that in the mifepristoneonly group (data not shown). In all treatment groups, there was considerable variation between animals. 
Epithelial regeneration
The extent of epithelial repair was clearly identified by immunostaining for cytokeratin (Fig. 3A) . In some cases, epithelial staining was observed by 12 h after the mifepristone injection: in other instances, there was no epithelial re-growth at this time and only residual epithelium was stained, similar to controls at 0 h. As the endometrium of treated animals underwent breakdown and repair, the epithelial regeneration proceeded, segregating the basal zone from the decidual zone. To determine the extent of epithelial repair, cytokeratin staining was analysed using the analySIS Soft Imaging System. The brown cytokeratin staining and the background blue haematoxylin staining were detected as two different particles (designated by the program) and the brown staining particles were determined as a percentage of the total. At 0 h, control sections had !10% cytokeratin staining (of original epithelium remaining following decidualization (Fig. 3B) ). At 48 h, the control animals had a similar percentage of staining compared with 0 h controls. The mifepristone-treated animals at 12 and 18 h also showed similar staining compared with controls. However, at 24 and 48 h post-mifepristone, the percentage of cytokeratin staining had more than doubled ( Fig. 3A and B), although this did not reach significance due to the variability between animals. Endometrium from animals treated with mifepristone plus oestrogen showed similar cytokeratin staining to mifepristone treatment alone at 18 and 24 h post-treatment (Fig. 3B ). Subsequent analyses were therefore assessed according to endometrial morphology rather than treatment time point.
Proliferation of the cellular compartments postmifepristone treatment
To determine the cellular components responsible for the tissue repair, Ki67 was used as a marker for proliferating cells. Analysis was based on the morphology of the tissue (intact decidua, breaking down decidua, breaking down with evidence of repair, fully repaired). Ki67-positive cells were initially detected in the decidua (Fig. 4A ) but once tissue was breaking down, stained cells were predominantly in the basal area (Fig. 4B) . In tissue undergoing repair, Ki67-positive cells were primarily in regenerating epithelium ( Fig. 4B and C) , although isolated positive cells were seen within the regenerated stroma (Fig. 4C) . These results are summarized in Table 1 .
Progesterone receptor localization
Mifepristone is a progesterone antagonist acting via its high affinity binding to the PR. Cellular localization of PR was analysed in control and mifepristone-treated animals. There was very little PR staining in decidualized stromal cells from either group. PR was localized within areas of tissue breakdown in control animals ( Fig. 5A ) and differed from those in mifepristone-treated animals where PR was largely localized in basal cells in the tissue undergoing breakdown (Fig. 5B) . In repairing tissue after mifepristone treatment, PR-positive staining was observed in some sub-epithelial stromal cells with little staining in other cellular compartments (Fig. 5B) . The results are summarized in Table 1 .
Oestrogen receptor localization
Mifepristone has effects on endometrial ER in women (Glasier et al. 2002 , Jain et al. 2007 ). In the mifepristonetreated mice, there was strong staining for ER in decidual cells in control animals but very little in breaking down tissue (Fig. 6A) , except in the basal region. However, in the repairing endometrium, ER-positive cells were seen in the regenerating luminal and glandular epithelium (Fig. 6B ) and in isolated sub-epithelial stromal cells (Fig. 6B) . These results are summarized in Table 1 .
Discussion
In this study, we used a previously described mouse model of long-term ENG exposure (Morison et al. 2007) in functional studies to elucidate potential mechanisms underlying the successful use of mifepristone as a treatment for BTB in women. The results show that, in most mice, complete endometrial breakdown and repair occurs within 48 h of mifepristone administration with rapid restoration of an intact luminal epithelium. We also show that while some proliferation occurs within the decidua, most is seen within the basal region below the area of tissue breakdown as well as in the repairing luminal epithelium and glands. As previously described, PR are present in scattered cells throughout the decidua in non-treated control endometrium but are up-regulated during endometrial breakdown (Morison et al. 2007 ). However, after mifepristone treatment, PR are highly expressed in cells in the basal region of the breaking down and repairing tissue although not in the repairing or fully repaired epithelium. The pattern of ER also changes in the repairing endometrium after mifepristone treatment where positive staining is located in the regenerating luminal epithelium and glands.
To date, mifepristone has largely been used in the termination of pregnancies and as an emergency contraceptive (Jain et al. 2002 , Honkanen et al. 2004 , Jin et al. 2005 . However, when administered in the luteal phase of the menstrual cycle, mifepristone induces a 'menses' like response in women (Critchley et al. 2003 ), a characteristic similarly observed when artificially 'cycling' non-human primates are treated with antiprogestogens (Slayden & Brenner 2004) . The potential of mifepristone to treat BTB associated with P-only contraceptives has also been explored (Massai et al. 2004) . A recent clinical trial in Australia has shown that a single low dose of mifepristone reduces the number of days of a bleeding episode when administered to Implanon users early within this episode (Weisberg et al. 2006) , supporting earlier studies in Chinese women using Norplant and complaining of frequent and irregular bleeding. In these women, a single monthly dose of mifepristone reduced the length of bleeding episodes over a 90-d treatment period (Cheng et al. 2000) . Although the mechanisms by which anti-progestogens reduce bleeding episodes has not been understood, the functional experiments described in the present study suggest that mifepristone, by stimulating tissue breakdown, induces very rapid repair, particularly re-epithelialization of the endometrium, thus restoring epithelial integrity and stopping the bleeding. Previous studies have shown alterations in PR and ER after short-term treatment with mifepristone in women using P-only contraceptives. In Norplant users, a single dose of mifepristone administered at the start of a bleeding episode resulted in increased ER and decreased PR-B in both the stroma and glands (Glasier et al. 2002) . Although the antibody used in the present studies detected both PR-A and PR-B, our results are in overall agreement with the previous findings. Furthermore, increases in ERa and ERb and also PR-A and PR-B were observed in both the glands and stroma after mifepristone treatment of new users of DMPA 1 week after treatment (Jain et al. 2007) . These results contrast with the present studies in which PR was not detected in the luminal or glandular epithelium after mifepristone treatment. However, our analyses were performed at 48 h after mifepristone treatment, whereas Jain et al. (2007) analysed tissue 1 week after treatment. There may also be a difference between mice and women.
There are a limited number of studies using mifepristone in rodents. When four daily treatments of mifepristone were administered to pseudo-pregnant rats from day 5 of pseudo-pregnancy, PR (Pgr) mRNA in whole uterine tissue was decreased on day 9 (Spencer et al. 2001) . Likewise, in pregnant rats (Ogle et al. 1998 ) following a single dose of mifepristone administered on day 9 of pregnancy, both PR-A and PR-B mRNA decreased significantly in the whole uterine tissue 12 and 24 h after treatment. However, neither study examined the cellular location of PR and it is therefore possible that the reduced mRNA reflected epithelial PR expression levels, as in our studies.
The endometrial changes in response to mifepristone treatment in the present study were rapid with full breakdown and regeneration of the tissue observed within 48 h of treatment in spite of continuing ENG administration. Mifepristone treatment causes a pharmacological drop in progestogen support, so it is perhaps not surprising that its effects mimic our previous studies with a mouse model for menstruation. In these mice, the endometrium has likewise undergone complete breakdown and repair 48 h after withdrawal of progesterone support (Brasted et al. 2003 , Kaitu'u et al. 2005 .
It is likely that an important feature of abnormal endometrial bleeding in women using P-only contraceptives is a compromised or fragile epithelium. Indeed, in women using Norplant, the endometrium displays reduced epithelial cytokeratin staining with more rounded epithelial cells compared with control biopsies (Wonodirekso et al. 1996 (Wonodirekso et al. , 2000 . Thus, the restoration of the epithelial surface would have the potential to terminate a bleeding episode. In this study, we observed for the first time very rapid restoration of the epithelium after mifepristone treatment, as indicated by the Ki67 staining. This repair was observed as early as 12 h postmifepristone treatment, and we suggest that such repair is likely to be the key to the success of the treatment trial in women (Weisberg et al. 2006) . Surprisingly, in contrast to the clinical trial, we did not observe any significant differences between mifepristone treatment alone or in conjunction with oestrogen, although it is possible that subtle differences were not detected at the time points selected. Our results indicating an increase in epithelial proliferation are in agreement with previous observations of increased Ki67-positive cells in the endometrium of new DMPA users treated for 1 week with mifepristone (Jain et al. 2007 ). This increase was greater in the glandular epithelium compared with the stroma, similar to the results we obtained with the mouse model. In summary, we have shown here for the first time in vivo that a single dose of mifepristone in the presence of Implanon causes rapid tissue breakdown and repair in this mouse model, and we propose that the restoration of the integrity of the luminal epithelium is the key event in reducing the number of bleeding days observed in Implanon users who were treated with mifepristone.
While clinical trials have focused on the potential of mifepristone as a treatment for BTB, studies in women are restricted in their ability to assess the holistic changes in such a dynamic tissue. Our mouse model offered a unique opportunity to study endometrial changes in vivo, in response to mifepristone treatment and has identified some key elements underlying its success.
Materials and Methods
Animals
Female C57BL/6 mice, age 8-12 weeks, were obtained from Monash University Animal Services and housed under standard conditions with food and water provided ad libitum and a constant light cycle of 12 h (lights on from 0800 to 2000 h). Ethics approval was granted by the Monash University/Monash Medical Centre Animal Ethics Committee B.
Mouse model for long-term progesterone exposure A previously described mouse model for long-term progestogen exposure (slightly modified to simplify the procedure; Morison et al. 2007 ) was used to determine the effects of a single dose of mifepristone on endometrial breakdown and repair in the continued presence of ENG. Briefly, intact female mice were mated with vasectomized males to induce a pseudo-pregnant state. Three or four days after the seminal plug was found, one sixteenth of a standard Implanon rod (containing ENG; gift from Organon, Oss, The Netherlands) encased in a silastic implant (0.062 inches internal diameter; Dow Corning, Midland, MI, USA: functional size 1 cm length (Kaitu'u et al. 2005) ) was inserted subcutaneously into the back of the animals. Simultaneously, the mice received a single injection of sesame oil (20 ml) into the lumen of one uterine horn to induce artificial decidualization (stimulated horn). The other horn was left untreated (non-stimulated horn). The time of decidual stimulus was designated day 0 (0 d). Two days later the injected horn had undergone extensive decidualization. Mice were injected with mifepristone (see below) at 5 d (0 h) and uteri were collected over the subsequent 48 h (nR3 at each time point). Figure 7 details the treatment regime. All surgeries were performed under xylazine/ ketamine-induced anaesthesia.
Mifepristone and oestrogen treatment
Mifepristone tablets (25 mg; Hualin Company, Shanghai, China) were crushed, reconstituted in methanol and then stored at 20 8C until use. A single dose of mifepristone (200 mg diluted in 100 ml arachis oil) was injected subcutaneously at 5 d. Methanol diluted in arachis oil was injected as control. Since a previous clinical trial in women showed that mifepristone in conjunction with oestrogen was more successful in stopping a bleeding episode than mifepristone alone, a second group of animals received mifepristone as above and 17b-oestradiol (250 ng in 100 ml arachis oil) or control (100 ml arachis oil) administered 6 h after mifepristone treatment.
Tissue collection
Uteri were cleaned of fat, weighed and each horn cut into four pieces that were fixed overnight at 4 8C in phosphate-buffered formalin, or for 2 h at room temperature in Carnoy's fixative. Formalin-and Carnoy's-fixed tissues were subsequently processed to wax.
Histology and immunohistochemistry
Uterine cross-sections (5 mm) offormalin-or Carnoy's-fixed tissue were processed through Histosol (Sigma) and a graded series of ethanol, to distilled water (dH 2 O) prior to immunostaining or histological staining. For histological analysis, hydrated sections were stained with haematoxylin and eosin using standard staining procedures and mounted using dibutyl polystyrene xylene (DPX; BDH Laboratory Supplies, Poole, England).
Immunolocalization of epithelial cells was performed using rabbit anti-cytokeratin, H-240 (rabbit polyclonal IgG; Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted to 4 mg/ml in Tris-buffered saline (TBS). Antigen retrieval was performed on Carnoy's-fixed tissue by heating sections in 0.1 M citrate buffer for 5 min in a 700 W microwave set to high. Endogenous peroxidase activity was quenched by immersion of sections in 3% v/v H 2 O 2 in methanol for 10 min at RT. Sections were then incubated with blocking solution containing 10% v/v normal goat serum in TBS for 20 min at RT. Primary antibody or rabbit IgG control was incubated with tissues for 1 h at RT prior to washing in 0.6% v/v Tween 20/TBS and incubating with biotinylated goat anti-rabbit IgG (1:200; Dako, Glostrup, Denmark) for 30 min at RT.
Proliferating cells were immunodetected using rabbit anti-Ki67 (polyclonal; Novacastra, Newcastle upon Tyne, UK) at 0.15 mg/ml in 1% v/v foetal calf serum (FBS)/TBS. Antigen retrieval on Carnoy's-fixed tissue was performed by heating sections in 0.1 M citrate buffer for 5 min in a 700 W microwave set to high followed by 5 min set to medium. Endogenous per oxidase activity was quenched by immersion of sections in 3% v/v H 2 O 2 in methanol for 10 min at RT. Sections were then incubated with blocking solution containing 10% v/v normal goat serum in TBS for 30 min at RT. Primary antibody or rabbit IgG control (diluted to the same final concentration) was incubated with tissues for 1 h at RT prior to washing in TBS and incubating with biotinylated goat anti-rabbit IgG (1:200, Dako) for 30 min at RT.
For the above protocols, the StrepABC horse radish peroxidase (HRP) kit and diaminobenzidine (DAB; Dako) solution were used in accordance with the manufacturer's specifications to reveal the staining.
Immunolocalization of progesterone receptor (PR-A and PR-B) was performed using the rabbit anti-mouse polyclonal antibody (PR-A and PR-B, C-20:sc-593; Santa Cruz Biotechnology). Endogenous peroxidase activity was quenched in formalinfixed sections (3% v/v H 2 O 2 in methanol for 10 min) followed by antigen retrieval (0.1% trypsin in 0.1% w/v calcium chloride for 30 min at RT) and blocking in 20% v/v normal goat serum/TBS for 10 min at RT. Sections were then incubated with primary antibody (2 mg/ml) for 1 h at 37 8C and washed with 0.6% v/v Tween 20/TBS, and then incubated with goat anti-rabbit HRP (Polymer, Dako EnvisionC kit) for 30 min at RT and visualized using DAB for 3 min.
Immunolocalization of oestrogen receptor-a (ERa) was performed using an affinity purified rabbit anti-human polyclonal antibody (H-20:sc-543; Santa Cruz Biotechnology). Carnoy'sfixed tissues were subjected to antigen retrieval (3 min at high, 5 min at medium and then 1 min at high level in a 700 W microwave in 0.1 M citrate buffer) followed by quenching of endogenous peroxidase activity (3% v/v H 2 O 2 in methanol for 10 min at RT) and blocking (20% v/v normal goat serum/TBS 10 min at RT). Primary antibody (2 mg/ml) was incubated with the tissues for 60 min at 37 8C. Goat anti-rabbit/HRP-conjugated Figure 7 Time line of the treatment regime administered to the mice. Intact female mice were mated with vasectomized (vasK) males to induce pseudo-pregnancy. Mice then received an injection of sesame oil (decidual stimulus) into one uterine horn and one sixteenth of an Implanon rod (P). Mifepristone was administered 5 days later (0 h) followed 6 h later by oestrogen (E) in one group. Animals were killed up to 48 h after mifepristone treatment and uteri harvested. 
